If the mass loading rate is large enough, the temperature increase may be smaller than expected, or the temperature may actually decrease, because a large mass loading rate slows the flow and decreases the thermal energy of the newly created plasma.
Introduction
The term "mass loading" refers to the addition of mass to a flowing plasma by ionization of neutrals. Io, Jupiter's innermost Galilean satelhte, is embedded in a flowing plasma (the Io torus) and is also surrounded by a cloud of neutral atoms and molecules [Brown et al., 1983 Mass loading plays an important role not only in Io's interaction with the plasma torus, but also in the solar wind interaction with comets and with Venus, in plasma flow past Saturn's satellite Titan, and possibly in other plasma-satellite interactions. Although the simulation parameters we use in this paper correspond most closely to the Io torus parameter regime, our remarks regarding the plasma temperature (in an MHD approximation) apply to the plasma in these other systems as well.
The MHD Equations and the Plasma Temperature
We use the time-dependent MHD equations, including the effect of neutrals ionized near Io. When Jupiter's gravity is accounted for, the escape velocity for neutrals from the surface of Io is about 2.3 km/s [Linker et al., 1985] and the neutral density in Io's exosphere is dominated by lower velocity neutrals on non-escape trajectories [Watson, 1981; Sieveka and Johnson, 1984 Op + V-(pS') -•. 
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where p is the density, •' the velocity, P the plasma pressure, B the magnetic field, r/the resistivity, and J -V x B the current density. /3s is the mass added per unit volume per unit time. We take 7 -5/3. (Viscous terms are added to (2) and (3)in the simulation runs for numerical stability purposes, but they are irrelevant to the present discussion.) Equation (3) can be derived in a straightforward manner, using (1) and an equation for the conservation of energy (note that d/dr is a convective derivative) [Linker, 1987] . Because we consider that ionization of neutrals results from electron-impact, there should also be a heat loss term in (3) representing the energy given up by the electrons. However, the flow energy gained by an oxygen ion created in the background flow (280 eV) is large compared to the energy lost by the electron (10-12 eV). The inclusion of the electron energy loss term did not alter the simulation results significantly; therefore, we have ignored the term.
From (1-3) we can also derive equations for the plasma velocity and plasma pressure similar to those used by Schmidt and Wegmann [1982] The MHD equations obviously do not describe all of the important phenomena associated with the creation of new ions in a plasma. However, they do give a good description of the global effects of ionization on the flow. We note that by using the MHD equations, we make the implicit assumption that when ionization occurs, the ion is introduced into a volume element in thermal equilibrium with the fluid contained in it. The assumption seems reasonable for the Io torus, where the velocity of the plasma is nearly perpendicular to the magnetic field, and the ¾ x B electric field accelerates newly created ions to the local flow velocity. Even for flow parallel to the magnetic field, Omidi and Winske [1987] have shown that instabilities driven in the plasma can cause the ions to be picked up by the background flow (although the process is not so efiqcient as in the case of flow perpendicular to the magnetic field). Plasma instabilities can also help to bring about thermal equilibrium, but in general the plasma distribution is likely to be more complicated than can be described by a single temperature for all plasma species. Nevertheless, a nominal plasma temperature is useful for describing the net thermal energy gained or lost as a re- From our analysis of (7) For electron impact ionization and a constant electron temperature, the mass loading rate )s is proportional to the neutral density. We assume that the neutral density is spherically symmetric about Io, and we consider two types of radial variations for the neutral density. For most of the runs presented, the neutral density falls off like 1/r 2. We also consider a radial variation based on a model of Io's exosphere [Linker, 1987] . We parameterize As we noted earlier, values of Ms in the torus could be larger than the values we have used. It is possible that if the background flow were more strongly supersonic, the plasma in the wake would still be heated even though the flow speed was reduced in the wake. However, our results suggest that even if Ms in the torus is > 1.5, it is difficult to heat the torus plasma strongly by heavy mass loading near Io. Increasing •s adds more mass and thermal energy to plasma in the wake, but because the velocity of the plasma decreases as )s increases, the thermal energy of the pickup ions also decreases. In the Io torus at locations remote from Io, the mass loading rate is expected to be small enough that the non-linear effects we have described will not be important.
Our simulations assume ionization is produced by electron impact. Large rates of charge exchange near Io have also been invoked as a means of providing thermal energy to the torus plasma [Shemansky, 1988 
